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Channeling in bent crystals is increasingly considered as an option for the collimation of high-energy par-
ticle beams. The installation of crystals in the LHC has taken place during this past year and aims at
demonstrating the feasibility of crystal collimation and a possible cleaning efﬁciency improvement.
The performance of CERN collimation insertions is evaluated with the Monte Carlo code FLUKA, which
is capable to simulate energy deposition in collimators as well as beam loss monitor signals. A newmodel
of crystal channeling was developed speciﬁcally so that similar simulations can be conducted in the case
of crystal-assisted collimation. In this paper, most recent results of this model are brought forward in the
framework of a joint activity inside the UA9 collaboration to benchmark the different simulation tools
available. The performance of crystal STF 45, produced at INFN Ferrara, was measured at the H8 beamline
at CERN in 2010 and serves as the basis to the comparison. Distributions of deﬂected particles are shown
to be in very good agreement with experimental data. Calculated dechanneling lengths and crystal per-
formance in the transition region between amorphous regime and volume reﬂection are also close to the
measured ones.
 2015 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction At CERN, the Monte Carlo code FLUKA is used to perform beam–Crystals are increasingly used in synchrotrons around the world
for their channeling properties. At CERN, two technologies of crys-
tals will be used to conduct an experiment at the LHC [1,2]. The efﬁ-
ciency of a strip and a quasi-mosaic crystal deﬂector is planned to
be measured in a low-intensity beam close to the nominal energy
[3]. This novel experimental activity aims at investigating the use
of crystal collimation as an upgrade option for the current system,
which performed verywell during the past LHC run andwill be con-
fronted with more demanding conditions in the coming years.
Crystal collimation consists in the use of a bent crystal as particle
deﬂector instead of a primary amorphous collimator (60 cm of car-
bon composite in the LHC), deﬂecting part of the beam halo onto a
secondary absorber. The density of particles impacting on the
absorber is expected to be higher than in the current system, and
the absorber has to be speciﬁcally designed to withstand this
increased load. On the other hand, crystal collimation is expected
to be advantageous in reducing losses in critical parts of the
machine (such as the dispersion suppressor) coming mainly from
single-diffractive events, which are strongly reduced through the
use of short crystals compared to a massive collimator jaw [4].machine interaction studies [5,6]. It is used to calculate the particle
shower originated in the current collimation system and, in view of
the possible insertion of crystals as an ingredient of the future
collimation system, a complementing module has been designed
to be able to deal with coherent effects taking such as channeling,
volume reﬂection and volume capture. For the moment this model
is limited to planar channeling of positively charged particles as
applications at CERN are the focus of the work.
The event generator, described at length in [7], relies on a semi-
classical approach. The Moliere potential is altered by the atomic
thermal motion and, in the case of a bent crystal, by a centrifugal
term weakening the potential conﬁnement. Inside the crystal, par-
ticles undergo single Coulomb and nuclear scattering possibly
leading to dechanneling. These events are however less frequent
than in a so-called amorphous orientation, where no coherent
effect is taking place, because of the increased mean distance
between the particle and the atomic nuclei along its trajectory.2. Framework of the study
The UA9 collaboration is studying the feasibility and perfor-
mance of a crystal-assisted collimation system at CERN. As part
of its activity, several simulation codes are under development
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tal in unprecedented energy and intensity conditions. The bench-
marking conducted in this paper is part of a joint effort by the
code developers to provide a clear perspective on the different
strengths of the tools available for use in the collaboration. The
measurements considered as basis for this common benchmarking
are the ones performed on a 400 GeV/c proton beam in the years
2010–2012 at CERN H8 beamline. The critical channeling angle at
this energy is close to 10 lrad, comparable to the beam divergence.
Data from this experiment has been extensively analyzed and
parameters and results have been made available by Rossi [8].
The joint effort has in particular focused on crystal STF45 from
Ferrara [1,9], a 2-mm long silicon strip with a bending angle of
143.8 lrad (which corresponds to a bending radius of 13.91 m).
The experimental setup consists of 5 silicon tracker planes that
are situated around the crystal. Two planes are placed upstream of
the crystal and three ownstream. The telescope is reconstructing
both arms of the particle trajectory leading to a corresponding
hit position and deﬂection angle at the crystal location.
Data from the experiment is corrected for crystal torsion (caus-
ing a shift in orientation along the crystal longest dimension). Even
though the FLUKA model of crystal channeling can handle a con-
stant crystal torsion, the decision was to compensate for it at data
analysis level, not to discriminate codes on their capability to
reproduce it.
The crystal was maintained in a constant channeling orientation
throughout the experiment. However, the divergence of the beam
was 10.65 lrad in the horizontal plane and 7.68 lrad in the verti-
cal one, which means that some particles are coming onto the crys-
tal with an angle larger than the critical angle. This allows to
perform analysis not only in channeling but also in volume
reﬂection.
The detector resolution has to be taken into account, in the
experimental results. It has been estimated in [10] and equals
2.8 lrad for the upstream arm of the telescope and 5.2 lrad for
the whole tracking system. To better appreciate the comparison
between simulation and experiment, this uncertainty has been
added accordingly in the simulation. Contribution to multiple
Coulomb scattering from the detectors is also taken into account
in the simulation.Fig. 1. Particle distribution as (a) measured (b) simulated as a function of the particle inco
Dashed lines indicate regions of interest treated in the analysis. Green: within 10 lrad o
(For interpretation of the references to color in this ﬁgure legend, the reader is referredIt should be noted that the crystal was positioned in a way that
the coherent deﬂection given by the (110) planar channels is
purely horizontal and the following results are focused on the hori-
zontal dimension.
3. Results
3.1. Channeling
Fig. 1 shows the 2D-distribution of particles as a function of the
(horizontal) incoming angle and the deﬂection imparted by the
crystal. Fig. 1(a) refers to the experiment, while Fig. 1(b) refers to
the simulation. This ﬁgure shows the similarities between calcula-
tions and measurements for the different orientations. From the
left to the right of the ﬁgure, the distribution shows the amorphous
behavior followed by the channeling region, then the volume
reﬂection one. This ﬁgure shows as well that transitions between
the different modes are well simulated by the FLUKA module. In
the following, deﬂections distributions are analyzed for speciﬁc
orientations, denoted by dashed lines.
Fig. 2 shows the deﬂection distributions in the two channeling
windows: (a) within 5 lrad and (b) 10 lrad of the channel orienta-
tion. The left-hand side peak is comprised of particles that do not
enter channeling, some of them being reﬂected, and the others
crossing the crystal as they would an amorphous device. This dou-
ble peak is non-Gaussian and the estimation of its standard devia-
tion is about 5% higher than it is for the experiment. Although
this difference is small, it indicates that the volume reﬂection angle
is in this case, slightly overestimated by the geometrical model,
pulling the two components of the peak apart. The right-hand side
peak is formed by particles channeled from the beginning of the
crystal to its end-face. In between are dechanneled particles, dis-
tributed exponentially as is visible on the graphs. The dechanneling
length can be estimated with a ﬁt of the distribution in between the
two peaks. Fig. 3 shows such a ﬁt, and the corresponding value of
the dechanneling length, for the simulation of the narrow window
case. Values of themean and standard deviation of the peaks as well
as dechanneling length are summarized in Table 1.
The channeling rate is the fraction of particles belonging to the
channeling peak (3r). The dechanneling rate is the fraction ofming angle (x-axis) and of the horizontal deﬂection imparted by the crystal (y-axis).
f the channel orientation. Red: within 5 lrad. Blue: in the volume reﬂection region.
to the web version of this article.)
Fig. 2. Measured and simulated deﬂection distributions of 400 GeV-protons in crystal STF 45. (a) Only particles incoming within 5 lrad of the channel orientation are
considered. (b) Only particles incoming within 10 lrad are considered.
Fig. 3. Simulated deﬂection distribution in the case of a narrow 5 lrad ﬁlter in the
incoming angle. The dechanneling length is calculated through an exponential ﬁt on
the dechanneled particles distribution in between the peaks.
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table 1 that the agreement is very good in terms of channeling rate.
The dechanneling rate on the other hand is underestimated by
about 25% and a dechanneling length discrepancy of 35–40% is
observed. This means that particles have a tendency to be lost
sooner in the crystal and the distribution of dechanneled particles
is shifted to low angles. The suppression of Coulomb scattering in
channeling regime by the means of a form factor [7] appears to be
slightly underestimated. This is not to be confused with the
dechanneling rate, which rather than a description of the dechan-
neling particles distribution, is a measure of the total amount of
particles having dechanneled. In this case, we see less particles
dechanneled in absolute and their average deﬂection is smallerTable 1
Mean and standard deviations of the volume reﬂected/non-channeled particles (VR/AM) an
STF 45 strip crystal.
STF45 AM/VRpeak
[lrad]
CH peak
[lrad]
Cut at ±5 lrad
Simulation 5.2 r 9.9 143.2 r 7.3
Experiment 4.7 r 9.2 144.1 r 7.2
Cut at ±10 lrad
Simulation 6.3 r 9.9 143.1 r 8.1
Experiment 5.9 r 9.5 143.8 r 8.0because of the smaller dechanneling length. This behaviour can
vary depending on the form factor used to simulate the partial sup-
pression of scattering for channeled particles. A rejection of the
scattering process extended to larger impact parameters would
lead to an increase of the dechanneling length, and at the same
time to a reduction of the dechanneling rate (by a smaller relative
amount).
3.2. Transition region
Some particles incoming at a small angle are not channeled.
This so-called blocking regime is reproduced in the simulation by
an increase of the potential transverse energy of the particle when
it enters close to the crystal lattice plane (within a distance of the
order of the Thomas–Fermi screening length), thus diminishing the
probability of being channeled. The average deﬂection of those par-
ticles has been reported in Fig. 4(a) as a function of the incoming
angle. In this ﬁgure, the deﬂection on the left, close to 0, corre-
sponds to the average one of any amorphous material. On the
right-hand side, the mean deﬂection stabilizes around the volume
reﬂection angle. The experiment shows two unexpected slope
variations that are not seen on other strip crystals of the same type
and that we cannot yet explain. Fig. 4(b) shows an analogous plot
for another strip crystal (STF 50) produced by the same method
and the same institution, where the measured transition appears
much smoother than in STF 45 and very close to the simulated one.
3.3. Volume reﬂection
In volume reﬂection orientation, incoming particles are not
aligned well enough with the lattice to get channeled, but their tra-
jectory is becoming parallel to the crystal planes as they progress
in a bent crystal. Volume reﬂection results in a small kick in thed of the channeling peaks (CH) as well as dechanneling lengths for 400 GeV-protons in
CH rate
[%]
DC rate
[%]
Dech. length
[mm]
68.6 ± 0.2 3.7 ± 0.1 0.95 ± 0.08
68.9 ± 0.5 4.76 ± 0.24 1.42
56.8 ± 0.2 3.7 ± 0.1 0.95 ± 0.08
54.0 ± 0.4 5.13 ± 0.18 1.53
Fig. 4. Evolution of the average angular deﬂection given by the crystal to non-
channeled particles as a function of the incoming angle. The transition region
between the amorphous behavior of a non-oriented crystal (on the left) and the
volume refection region (on the right) is emphasized, (a) crystal STF 45 (b) crystal
STF 50
Fig. 5. Deﬂection distribution at the exit of the STF 45 crystal in volume reﬂection
orientation (from 20 to 30 lrad off the channel orientation).
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of volume capture in which the particle gets trapped in a channel
inside the crystal after an interaction and continues its movement
in channeling mode down the crystal. Fig. 5 shows the deﬂection
distribution for particles incoming between 20 lrad and 30 lrad
off the channel direction (positive angles, as the bend). There is a
good match between the volume capture peaks, on the right-hand
side, indicating a good volume capture rate as well. Subsequent
dechanneling of captured particles is underestimated in the sim-
ulation, as the conditions of channeling after capture are not well
understood yet and in the simulation no difference is madebetween the channeling of a particle captured in the middle of
the crystal with respect to a particle channeled since the begin-
ning. The calculated and measured volume reﬂected peaks are very
close to each other (left-hand side of the ﬁgure), conﬁrming the
accuracy of the geometrical model adopted for the description of
by this mechanism.
4. Conclusions
In this paper, we have presented the results of the benchmark-
ing of the FLUKA model of crystal channeling in the speciﬁc case of
crystal STF 45, chosen in conjunction with fellow code developers
as a mean to standardize the benchmarks. Even though simulation
codes are compared with a large number of runs available for
analysis within the UA9 collaboration, only the aforementioned
crystal has been presented here for the sake of conciseness and
uniformity. The calculated deﬂection distribution for a 400-GeV
proton beam is shown to be in good agreement with the experi-
mental one. The channeling rate is well reproduced within a few
percent and the peaks widths are within 10%. The simulated tran-
sition region has been shown to reproduce accurately strip crystal
behaviour except in one case where the latter shows a peculiarity
which is not fully understood. The dechanneling length is under-
estimated in the simulation by about 40%. This is leading as well
to an underestimation of high-deﬂection dechanneled particles.
On the other hand, the overall amount of dechanneled particles,
indicated by the dechanneling rate, is about 25% below the experi-
mental results. Additional studies are needed to determine how
the dechanneling process description can be improved.
Nevertheless the very good results obtained by this model in the
reproduction of channeling efﬁciencies of crystals of different
types [11] is encouraging, motivating further investigations at
higher energies, up to 7 TeV.
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